Purpose: The purpose of this study was to compare between a bioactive and a bioinert implant with different geometries by continuous measurement of the removal torque and calculation of the angular momentum of each surfaced implant.
Implant geometry and surface properties are important factors for the long-term clinical success of dental implants. [1] [2] [3] Surface properties have been modified in a variety of ways to improve the response of the bone that comes into contact with the implant surface. [4] [5] [6] Bioactive implant surfaces, which are fluoridated or coated with calcium phosphate, have recently been developed and used in the dental market. 7 A bioactive coating is known to impart bioactivity to an otherwise bioinert material, such as titanium. 8.9 In an earlier study, however, no significant differences were found between the impact of bioactive and bioinert surfaces on early bone response in histomorphometric evaluation. 10 But, there is no previous study to compare these two surfaces in physiocomechanical manners such as removal torque (RT) measurement.
Histomorphometry analyses and RT tests have been commonly performed to evaluate the strength and stability of the implant surface. [11] [12] [13] RT measurements were obtained in many previous experiments through the use of a manually operated RT tester. However, manual RT testers have limitations, including irregular angular speed and uneven reverse torque applied in different vectors. 10, [13] [14] [15] [16] This type of hand-held torque gauge records the maximum torque value only, and as such, there is no way to understand the sequential change around the peak value.
If RT is continuously measured according to time, angular momentum can be calculated by integrating the torque values in a chronological manner. Because angular momentum is expressed as the multiplication of the angular speed and the moment of inertia of a rotating body, it is considered to be another means to evaluate implant geometry and the effect of geometry on the bone-implant interface. Nonetheless, no studies to date have analysed the angular momentum of dental implants by constant assessment of the reverse torque, with the exception of mini-screws used to gain skeletal anchorage in orthodontics. 17 4
The purpose of this study was thus to compare a bioactive implant surface with a bioinert surface by continuously measuring the removal torque and calculating the angular momentum of each surfaced implant.
MATERIALS AND METHODS

Sample preparation and implant surface modification
Ten control implants had a bioinert anodised surface and the traditional external connection design roughened by grit blasting with titanium dioxide (TiO 2 ) particles, yielding a turned titanium implant. 9, 18 The turned titanium implant was used as an anode in an electrochemical cell to yield an anodically oxidized titanium implant. During this procedure, oxidation takes place at the implant surface when a potential is applied under appropriate conditions. Oxidation provides the implants with a porous oxide surface.
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Surface characteristics
Four implants from each group were used for the surface analysis. The analysis was performed using field emission scanning electron microscopy (FE-SEM), energy dispersive spectroscopy (EDS), and confocal laser scanning microscopy (CLSM). An image of the overall surface was provided by FE-SEM (model S-4700, Hitachi, Tokyo, Japan). Analysis of the components and element content of the modified surfaces was performed using EDS (model EX220, Horiba Ltd., Kyoto, Japan). The surface roughness was measured using CLSM (model LSM 5-Pascal, Carl Zeiss AG, Oberkochen,
Germany). Three screw-sides from each implant surface were selected at random. Two roughness 5 parameters, average height deviation, S a , and developed surface ratio, S dr , were measured. The area of measurement was 300 m × 300 m on a 200× magnified image.
Animal surgery
The study was approved by the Animal Research Committee of Seoul National University Bundang
Hospital (IACUC protocol approval number: BA0909-050-037-01). Animal selection, management, and preparation and subsequent surgical protocols were performed in accordance with the Institute of Laboratory Animal Resources guidelines of Seoul National University Bundang Hospital.
Six male New Zealand white rabbits approximately 6 months of age and weighing approximately 2.6 to 3 kg were used. The rabbits showed no signs of illness or disease. The rabbits were anaesthetised with an intramuscular injection of tiletamine/zolazepam (Zoletil 50, Virbac Korea Co. Ltd., Seoul, Korea) (15 mg/kg) and xylazine (Rompun, Bayer Korea Ltd., Seoul, Korea) (5 mg/kg). Prior to surgery, the skin over the area of the proximal tibia was shaved and washed with Betadine. Cefazolin (33 mg/kg), a preoperative antibiotic (Yuhan Co., Seoul, Korea), was administered intramuscularly.
Lidocaine, a local anaesthetic, was injected into each surgical site. The skin was incised, and each tibia was exposed following muscle dissection and periosteal elevation. The implant sites were prepared on the flat tibia surface using a dental drill and sterile and profuse saline irrigation. The diameter of the final drill hole was 3.7 mm. The implant was inserted into the drill hole and did not contact the lower cortical layer (Fig. 1 ). Each rabbit received two implants. A fluoride-modified implant (Osseospeed™) was inserted into one tibia, and an oxidized implant (TiUnite ® ) was inserted into the other. The microthreads of the fluoride-modified implant were visible on the upper cortex. A corresponding portion of the oxidized implant was also visible (Fig. 1) . Thus, only the bone response around the macrothreads of each implant was considered. After implant insertion, the cover screws were securely fastened, and the surgical sites were closed in layers. After the surgery, each rabbit received cefazolin (33 mg/kg) by intramuscular injection.
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The rabbits were anaesthetised and sacrificed by intravenous administration of potassium chloride after 2 weeks of bone healing.
Continuous RT tests
The implants were exposed by incision and periosteal elevation. They were then surgically removed en bloc with an adjacent bone collar. The cover screw of the implant was removed. The implant within the tibia-implant block was firmly attached to a customised metal mold with a screw, and wax was applied to the exposed threads of the implant. Acrylic resin (liquid and powder) (Ortho-jet, Lang-dental, IL, USA) was mixed and poured into the metal mold. The metal cover was placed on the metal mold containing the resin, and the resin was then cured. The metal cover was removed from the mold, and the tibia-implant-resin assembly was unscrewed from the metal mold. The polymerised acrylic resin made strong contact with the tibia but did not contact the implant threads due to the coating of wax. Then the wax was removed. The tibia-implant-resin block was next used for RT testing in the continuous RT testing apparatus (Fig. 2) .
Continuous RT values were measured with a TSTM motorised torque test stand (Mark-10 Co., NY, USA). The angular speed of the reverse torque was 0.3 revolutions per minute (RPM), or 1.8 degrees per second. Figure 2 schematically shows the test method that was employed in this study. During the RT test, implants were subjected to the same long axis of the torque sensor. The authors continuously recorded the torque values for 90 seconds from the time when the reverse torque was applied to the tibia-implant-resin assembly, which resulted in a time-torque curve (Fig. 3) . The peak RT was taken from the time-torque curve data. The area below the time-torque curve was calculated from 0 to 90 seconds and represented the total torque area. The area below the curve between 0 seconds and peak torque time was defined as the torque area before the peak (TABP), and the area between peak torque time and 90 seconds was defined as the torque area after the peak (TAAP). The mean torque values before the peak (MTBP) and those after the peak (MTAP) were also calculated by dividing the TABP and TAAP, respectively, by the appropriate times. In the case of the MTBP, 7 this corresponded to the mean time taken to reach the peak, and in the case of the MTAP, this corresponded to the mean time from the peak to 90 seconds.
Statistics
The independent sample T-test was used to assess the statistical significance of the difference in surface roughness parameters (S a and S dr ) between the test and control implants. The independent Ttest was also used to determine statistically significant differences between the two groups in the peak RT, total torque area, and mean torque, while the Mann-Whitney U test was used to determine statistically significant differences in the TABP, MTBP, TAAP, and MTAP. A p value of less than 0.05 was considered statistically significant.
RESULTS
Surface characteristics
CLSM analyses of the investigated surfaces demonstrated that all of the implants had moderately roughened surfaces (S a 1 to 2 μm, Fig. 4 ). The mean surface roughness values for the anodically oxidized and the fluoride-modified surfaces were both 1.1 μm in S a . The S dr values of the oxidized and fluoride-modified implants were 39.3%  2.9% and 38.0%  2.3%, respectively. There was no statistical difference in the S dr between the compared surfaces (P > 0.05).
The morphologic evaluation of each surface was performed using FE-SEM (Fig. 5) . The macrothread morphology of each implant was relatively similar when observed at 50× magnification.
At higher magnification, however, many porous structures were observed to be scattered on the oxidized surface. By contrast, the fluoride-modified surface had a rough, irregular pattern that was produced by grit blasting. Nanostructures were detected on both surfaces at 10,000× magnification.
Sharp nano-peaks were observed on the surface of the fluoride-modified implant, while large and small nanopores were visible on the surface of the oxidized implant.
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EDS analysis showed that the oxidized surface was composed of 86.6% titanium and 13.4%
phosphorus by weight. The fluoride-modified surface, on the other hand, was 100% titanium by weight (Table I) . No fluoride content was detected by EDS, discussed below.
Continuous RT tests
The loosening patterns of all investigated implants were similar. Each implant firmly resisted the reverse torque and then loosened suddenly, revealing the peak RT. After peak torque was reached,
the torque values decreased with little fluctuation (Fig. 6 ). Table II shows the results of the continuous RT test for both implant types. After a 2-week healing period, the means and standard deviations of the peak RT values for the oxidized and the fluoridemodified implants were 60.5 Ncm  8.8 Ncm and 39.9 Ncm  9.3 Ncm, respectively. The peak RT values of the oxidized implant were significantly higher than those of the fluoride-modified implants (P = 0.003). The TABP and MTBP values for the oxidized group, corresponding to parameters before the peak torque value was reached, were also significantly higher than those for the fluoridemodified group (P = 0.016 and P = 0.025, respectively). No significant differences were found in total torque area, mean torque, TAAP, or MTAP between the investigated implants (P > 0.05).
DISCUSSION
There is a general consensus that moderately roughened surfaces lead to a stronger bone response (e.g., more robust bone formation and integration, faster bone healing) compared with turned, milled, or polished surfaces. 7, 16, [20] [21] [22] Increasing numbers of surface modifications continue to be introduced, 20, [23] [24] [25] [26] [27] and osseointegration promoted by many of these roughened surfaces has been demonstrated to be superior to that afforded by 'machined' titanium surfaces. However, it is unclear whether, in general, one surface modification is better than another. 10, [28] [29] [30] Therefore, this study compared two modified surfaces that were not turned.
In contrast to previous studies, this study showed that a bioinert anodised implant had a significantly larger resistance to RT than a bioactive fluoride-modified implant. 8, 9 Moreover, the EDS results showed that no fluoride was detected, calling into question the efficiency of the modification methodology. Therefore, one cannot unequivocally address the bioactive effect of fluoride on early bone response, if any, from the data provided in this study. In addition, earlier work detected one atomic percent of fluoride on a fluoride-modified implant and questioned the influence of this small amount of chemical on bone response. 6 However, further study will be required to more conclusively understand the impact of trace amounts of fluoride on early bone response.
This research employed a continuous removal torque tester and recorder. This instrument allowed the authors to observe the change of torque according to time. This study is the first of its type in investigations of the strength and stability of restorative implants. By integrating the continuously measured torque values with time, the authors found that the oxidized implant had higher peak removal torque, torque area before the peak (TABP) and mean torque before the peak (MTBP) values than did the fluoride-modified implant. In addition, the oxidized implant had higher RT values than did the fluoride-modified implant. If the fluoride-modified surface is assumed to promote a superior early bone response (although, as noted above, the bioactive properties of this implant are in question), the implant geometry of the oxidized implant may compensate for the inferior surface. The consideration of angular momentum is important to assess the impact of implant geometry on bone response, because the moment of inertia is determined by the geometry of a body, that is, implant geometry.
CONCLUSION 10
In conclusion, the angular momentum of an implant, which is resistant to RT, can be calculated via continuous measurement of RT values according to time. The effects of implant geometry and surface properties on bone response can be analysed considering both peak RT and angular momentum. This study compared the osseointegrative potential of a fluoride-modified implant with a bioinert oxidized implant, and determined that oxidized surface showed superior early bone response in physiomechanical aspect. However, given the fluoride detection limitations described herein, the bioactive effects of trace amounts of fluoride on early bone response remain unclear.
Further study will be required to more conclusively address this issue. were significantly higher than those of the fluoride-modified implant (P < 0.05).
